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Abstract 

The  annealing  treatment  was  found  to  result  in  the  improvement  in  the  cyclic  stability  but  the  degradation  of  discharge  capacity, 
activation  and  high-rate  dischargeability  for  Zra5Tia5Mna5Va3Coa2NiL1  alloy  electrode.  A  lower  discharge  potential  in  the  annealed 
alloy  electrode  was  found  owing  to  a  more  homogeneous  alloy,  which  is  consistent  with  the  pressure-composition  isotherms  ( P-C-T ) 
measurement.  We  found  that  the  annealed  alloy  also  had  lower  and  flatter  pressure  plateaus,  and  larger  pressure  hysteresis.  At  high 
discharge  rates,  the  hydrogen  diffusion  in  the  bulk  of  the  alloy  was  the  rate- determining  step.  The  diffusion  coefficients  for  hydrogen  in 
the  annealed  and  as-cast  alloys  were  calculated  to  be  1.4  X  10“ 12  cm2  s-1  and  4.3  X  10“ 12  cm2  s-1,  respectively.  The  lowering  of 
high-rate  discharge  capacity  can  be  ascribed  to  the  reason  that  the  hydrogen  diffusion  coefficient  is  lower  due  to  homogeneous 
micro  structure  in  the  annealed  alloy.  ©2000  Elsevier  Science  S.A.  All  rights  reserved. 
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1.  Introduction 

Systematic  substitution  with  metal  elements  has  been 
applied  to  the  Zr-based  Laves  phase  hydrogen  storage 
alloys  to  improve  the  electrochemical  properties,  because 
the  ZrM2  hydrides  (M  =  V,  Cr  and  Mn)  are  thermodynam¬ 
ically  too  stable  to  release  hydrogen  easily  at  the  ambient 
condition.  Alloying  with  other  transition  metals  has  been 
proven  effective  for  expediting  the  hydrogen  desorption 
without  too  much  degrading  hydrogen  storage  capacity, 
improving  high-rate  discharge/charge  ability,  cyclic  life¬ 
time  and  activation,  etc.  Generally,  chemical  substitution 
leads  to  changes  in  phase  structure  and  phase  abundance  as 
well  as  the  hydrogen  storage  performance  [1].  Hout  et  al. 
[2]  investigated  the  effect  of  substituting  in  (Zr, 
A)V0  1>5Nij jMno  2Fe0  2  (A  =  Ti,  Nb  or  Hf)  alloys  on  the 
relationship  between  phase  composition  and  electrochemi¬ 
cal  capacity  and  found  that  the  alloys  with  C15  as  its  main 
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phase  displayed  a  large  reduction  in  discharge  capacity 
when  the  discharge  current  was  high,  but  the  alloys  com¬ 
posed  of  C14  main  phase  showed  much  better  high-rate 
dischargeability.  However,  the  contribution  of  different 
types  of  Laves  phases  (Cl 4  or  Cl 5)  to  the  high-rate 
capacity  was  found  to  be  contrary  for  the  Ti-free  and 
Ti-substituted  Zr-based  hydride  electrodes  [3].  It  is  the  fact 
that  substitution  of  Ti  for  Zr  will  effectively  increase  the 
specific  discharge  capacity,  because  Ti  possesses  only  half 
atomic  quantity  of  that  of  Zr.  Alloying  with  Ti  would  also 
decline  thermodynamics  stability  of  its  hydride.  It  was 
reported  that  Ti  substitution  for  Zr  by  20%  (atomic)  in  an 
AB2  type  alloy  increases  the  equilibrium  pressure  of  plateau 
by  5  times,  30%  induces  10  times  [4].  High  concentration 
of  Ti  reduces  the  strict  requirement  for  pure  raw  materials 
and  makes  the  alloy  preparation  more  practical.  We  experi¬ 
mentally  found  that  Zr0 5Ti0 5Mn0 5V0  3Co0 2Nix A  alloy  ex¬ 
hibited  a  discharge  capacity  more  than  350  mA  h  g_1.  In 
our  series  compositional  optimization  [5],  we  also  found 
that  the  promising  molar  ratio  of  V /(V  +  Mn)  for  favor¬ 
able  electrochemical  performances  ranges  from  2/9  to 
4/9.  Mn  alloying  can  flatten  and  increase  the  pressure 
plateau  without  capacity  degradation,  and  make  the  alloy 
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mechanically  brittle,  easily  pulverized  during  activation 
processes.  V  alloying  enables  enlarging  the  hydrogen  stor¬ 
age  capacity,  and  more  effectively  in  the  presence  of  Ti 
substitution.  However,  the  electrochemical  stability  of  the 
as-cast  alloy  Zr05Ti05Mn0  5V0  3Co02Ni1 1  is  not  satisfied 
even  if  alloyed  with  the  stabilizing  element  Co,  because 
partially  of  the  severe  oxidation  of  Ti  and  the  heteroga- 
mous  microstructures.  Lee  et  al.  [6]  reported  that  the 
annealed  ZrVa7Mn0>5NiL2  exhibited  a  higher  discharge 
efficiency  than  comparable  as-cast  alloy,  owing  the  im¬ 
provement  to  Ni  dissolving  into  matrix  from  the  second 
phase.  Another  investigation  on  ZrNiL2Mn0_6Va2Mw  (M 
=  Cr,  Co,  Mo  or  Al,  w  =  0.05  or  0.1)  system  hydride 
electrodes  by  Knosp  et  al.  [7]  showed  that  the  annealing 
treatment  (1323  K  for  7  days)  could  reduce  the  phase 
abundance  of  Zr7Ni10  or  Zr9Nin  from  10-25  wt.%  to  5%, 
and  increase  the  discharge  capacity  from  about  350  to  370 
mA  h  g-1.  In  the  present  paper,  we  apply  the  annealing 
treatment  to  the  Ti-substituted  alloy,  and  attempt  to  inves¬ 
tigate  its  resultant  effect  on  the  electrochemical  properties, 
crystalline,  thermodynamics  and  microstructure. 

2.  Experimental 

Zr05Ti05Mn05V03Co02Ni1  j  alloy  was  prepared  in  an 
induction  furnace  under  argon  atmosphere.  The  purity  of 
the  constituent  metals  was  all  above  99.9%.  The  annealing 
treatment  was  performed  at  1273  K  for  8  h  on  the  as-cast 
alloy  under  vacuum  (at  about  10-2  Pa).  Both  the  as-cast 
and  annealed  alloys  were  crushed  mechanically  in  air. 

Powder  X-ray  diffraction  data  were  obtained  from  the 
sieved  powders  (  —  43  pm)  of  the  inactivated  alloys  by 
using  Rigaku  C -max-ill  B  Diffractometer  with  a  Cu  Ka 
radiation  and  a  nickel-diffracted  beam  filter.  The  mi¬ 
crostructure  of  the  alloys  was  studied  by  using  Leica  DML 
optical  microscope.  The  metallographic  samples  held  in 
special  clamps  were  milled  first  on  sand  papers,  and  then 
polished  in  a  polishing  machine  with  A1203  powder  at  a 
rotation  rate  of  1350  rpm  for  about  25  min.  The  pressure- 
composition  isotherm  ( P-C-T )  measurement  was  per¬ 
formed  in  an  automatic  P-C-T  test  apparatus  after  the 
alloy  powders  (about  1  g)  have  been  activated  by  at  least 
five  hydrogenation /dehydrogenation  cycles. 

The  hydride  electrodes  were  prepared  by  cold  pressing 
the  mixtures  of  different  alloy  powders  (  —  42  pm)  with 
powdered  electrolytic  copper  (42  pm)  in  the  weight  ratio 
of  1:2  to  form  porous  10-mm-diameter  pellets  in  copper 
holders.  Electrochemical  charge-discharge  tests  were  car¬ 
ried  out  in  a  standard  open  trielectrode  electrolysis  cell,  in 
which  the  counter-electrode  was  nickel  oxyhydroxide,  the 
reference  electrode  was  Hg/HgO/6  M  KOH,  and  the 
electrolyte  was  6  M  KOH  solution.  The  discharge  capaci¬ 
ties  of  hydride  electrodes  were  determined  by  galvanos- 
tatic  method.  The  Tafel  plots  are  measured  cathodically 
scanning  the  fully  charged  hydride  electrodes  at  a  rate  of 


100  mV/s.  The  equilibrium  potentials  of  the  as-cast  and 
annealed  alloy  electrodes  in  full  charge  state  are  measured 
to  be  -0.947  V  and  -0.937  V  vs.  Hg/HgO  at  298  K, 
respectively. 


3.  Results  and  discussion 

The  activation  process  and  the  cyclic  lives  of  the  as-cast 
and  the  annealed  alloys  are  shown  in  Fig.  1A  and  B.  Both 
alloys  are  easily  activated  within  two  to  three  cycles.  Our 
previous  study  revealed  that  a  few  tens  of  initial 
charge /discharge  cycles  are  needed  to  activate  the  Ti-free 
alloy  electrodes  [3].  The  good  activation  property  for  the 
present  alloys  substituted  with  titanium  make  them  possi¬ 
ble  for  practical  applications.  It  is  also  one  of  most  impor¬ 
tant  reasons  for  that  the  Ovonic  patented  electrode  alloys 
consist  of  concentrated  Ti  component.  We  found  that  after 
annealing  at  1273  K  for  8  h,  the  maximum  discharge 
capacity  decreases  from  353  mA  h  g_1  for  the  as-cast 
alloy  to  321  mA  h  g_1.  However,  the  cycling  stability  is 
improved  by  the  annealing  treatment  as  shown  in  Fig.  IB. 


Fig.  1.  The  electrochemical  properties  of  Zr0  5Ti0  5Mn0  5V0  3Co0  2Nij  , 
alloy,  (A)  activation  and  (B)  the  cyclic  lifetime.  Discharge  current  50  mA 
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Fig.  2.  The  discharge  potential  curves  at  different  currents  100-300  mA 
g~ 1  for  as-cast  (A)  and  annealed  (B)  alloys  Zr0  5Ti0  5Mn0  5V0  3Co0  2Nij  l 
at  298  K. 


with  different  hydride  electrodes.  Electrodes  with  high 
concentration  of  Zr,  V  or  Cr  exhibit  more  negative  poten¬ 
tials,  i.e.,  —0.965  V  for  a  Zr-Cr-Ni  electrode.  This 
deviation  in  equilibrium  potentials  from  the  theoretical 
value  is  ascribed  to  the  various  surface  chemical  states  of 
electrodes. 

The  discharge  potential  of  hydride  electrode  consists  of 
three  main  contributions,  namely,  from  electrochemical 
reaction,  hydrogen  diffusion  within  the  bulk  of  the  alloy, 
and  solution  resistance  and  contact  resistance  [8].  When 
the  discharge  current  is  high  or  the  hydrogen  concentration 
is  relatively  low,  the  hydrogen  diffusion  is  regarded  as  the 
rate-determining  step.  The  discharge  process  will  be 
stopped  due  to  the  great  diffusion  overpotential.  The  an¬ 
nealing  treatment  decreases  hydrogen  diffusion  kinetics 
and  reduces  the  discharge  efficiency,  therefore,  decreases 
the  discharge  capacity.  The  high-rate  discharge  ability 
degrades  in  the  annealed  AB2  type  electrode  as  shown  in 
Fig.  3.  The  initial  hydrogen  storage  capacities  are  nearly 
the  same  if  both  lines  are  extrapolated  to  intercept  the 
ordinate  at  /'  =  0  mA  g~ 1 .  It  implies  that  the  annealing 
treatment  changes  the  hydrogen  diffusion  kinetics  rather 
than  degrades  the  hydrogen  storage  capacity. 

Assuming  that  the  hydride  particles  for  the  as-cast  and 
annealed  alloys  are  in  spherical  form  with  an  average 
radius  of  a,  which  is  about  2  p.m  estimated  by  SEM 
observation.  According  to  Fick’s  second  law,  the  diffusion 
equation  for  hydrogen  in  a  spherical  particle  can  be  written 
as 


The  as-cast  electrode  retains  only  55%  of  its  maximum 
capacity,  whereas  the  annealed  one  returns  charge  by  as 
high  as  72%  after  400  cycles. 

The  discharge  potential  profiles  of  the  as-cast  and  an¬ 
nealed  electrodes  at  different  current  densities  50-300  mA 
g-1  are  depicted  in  Fig.  2 A  and  B.  For  the  as-cast  alloy, 
the  potential-capacity  curves  at  50  and  100  mA  g-1  are 
almost  the  same.  While  for  the  annealed  electrode,  the 
discharge  potential  plateau  at  100  mA  g_1  is  obviously 
positive  by  about  +350  mV  compared  to  that  at  50  mA 
g-1.  As  the  discharge  current  is  up  to  300  mA  g-1,  the 
trend  in  the  reduction  of  capacity  and  larger  polarization 
are  much  more  clear.  In  the  same  figures,  the  starting 
potentials  of  the  discharge  curves,  which  are  measured 
when  the  discharge  currents  are  applied  to,  are  not  the 
theoretical  values  at  0  mA  g-1  because  of  our  low-rate 
data  acquisition  system.  But  the  more  positive  potentials 
could  also  show  the  large  burden  of  electrochemical  reac¬ 
tion  of  the  annealed  electrode.  Usually,  the  equilibrium 
potential  of  a  fully  charged  hydride  electrode  is  taken  the 
theoretical  value  of  —0.92  V  (vs.  Hg/HgO)  for  either 
single  electrode  or  battery  simulations.  However,  we  ex¬ 
perimentally  estimated  the  equilibrium  potentials  varying 
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where  c  is  the  concentration  of  hydrogen  in  the  alloys,  t  is 
time  of  diffusion,  D  is  the  average  diffusion  coefficient 
and  r  is  the  distance  from  the  center  of  the  sphere. 


Fig.  3.  The  dischargeability  of  the  as-cast  and  annealed  alloy  electrodes  at 
298  K. 
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Under  the  constant  current  condition,  the  constant  flux 
of  the  hydrogen  at  the  surface  was  assumed  to  homoge¬ 
neous.  The  value  of  D/a 2  may  be  determined  for  a  long 
diffusion  period  (or  a  large  transitions  time  t)  according  to 
the  equation  by  Zheng  et  al.  [9] 


D  1 


(2) 


where  Q0  is  the  initial  specific  hydrogen  capacity  (C /g),  i 
is  the  discharge  current  density  (A/g),  and  t  is  the 
transient  time  (s),  when  the  hydrogen  surface  concentration 
becomes  zero.  The  ratio  Q0/i  corresponds  to  the  discharge 
time  necessary  to  discharge  completely  the  electrode  under 
hypothetical  conditions  when  the  discharge  proceeds  with¬ 
out  interference  of  diffusion. 

When  the  discharge  current  is  large,  the  rate-determin¬ 
ing  step  may  transfer  into  the  hydrogen  diffusion  process. 
The  nominal  hydrogen  diffusion  coefficients  in  the  as-cast 
and  annealed  electrode  alloys  could  be  estimated  to  be 
4.3  X  10~12  cm2  s-1  and  1.4  X  10-12  cm2  s-1  at  the 
discharge  current  of  300  mA  g-1,  respectively.  The  value 
of  D  for  the  as-cast  alloy  is  larger  by  three  times  than  that 
for  the  annealed  alloy. 

Fig.  4 A  and  B  depicts  the  XRD  patterns  of  the  as-cast 
and  annealed  alloys.  It  is  found  that  both  the  as-cast  and 
annealed  alloys  have  the  main  phase  of  hep  C14  Laves 
phase,  altogether  with  some  fee  C15  Laves  phase  and  a 
trace  of  Zr7Niu.  However,  in  the  annealed  alloy,  the 
abundance  of  main  phase  C14  is  found  to  decrease  slightly, 


26/  degree 

Fig.  4.  The  XRD  patterns  of  the  (A)  as-cast  and  (B)  annealed  alloys. 


Fig.  5.  The  optic  morphologies  of  the  as-cast  (A)  and  annealed  (B)  alloys. 


the  crystalline  characteristics  is  getting  more  perfect  and 
the  stress  reduces  markedly  because  the  XRD  peaks  nar¬ 
row  obviously,  which  is  consistent  with  other  investigation 
on  Zr-Cr-Ni  system  alloys  [10].  The  Laves  phase  (Cl 5  or 
Cl 4)  is  doubtlessly  considered  as  hydrogen  storage  reser¬ 
voir,  but  different  Laves  phases  have  varied  electrochemi¬ 
cal  behaviors  in  Ti-containing  or  Ti-free  hydride  electrodes 
[3]. The  second  phase  Zr7Ni10  serves  as  the  electrochemi¬ 
cal  catalyst,  the  aggregation  of  which  incurred  from  an¬ 
nealing  treatment  reduces  the  specific  surface  area. 

The  microstructural  features  of  both  the  as-cast  and 
annealed  alloys  were  studied  by  optical  microscopy  as 
shown  in  Fig.  5.  The  observed  samples  were  finely  pol¬ 
ished  without  etching.  From  Fig.  5A,  the  average  grain 
size  of  the  as-cast  alloy  was  estimated  to  be  about  10  p.m 
from  the  clear  boundaries,  where  the  C15  phase  was 
believed  to  precipitate.  Some  more  dark  spots  existing 
along  the  boundaries  could  be  the  Zr7Ni10  phase.  How¬ 
ever,  the  boundaries  of  the  annealed  alloy  become  vague, 
and  the  dark  spots  aggregate  more  spherically  and  clearly 
stick  out  along  the  boundaries  throughout  the  observed 
scope.  The  homogeneity  is  brought  about  after  annealing, 
therefore,  the  better  anticorrosion  and  longer  cyclic  life¬ 
time  of  the  annealed  alloy  can  be  explained.  Meanwhile, 
the  annealing  induces  a  negative  effect  on  the  discharge 
kinetics  due  to  the  reduction  in  proton  diffusion  coeffi¬ 
cient.  The  multi-phase  structure  and  defects  in  the  bulk  of 
hydride  alloys  could  affect  their  electrode  performance 
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markedly,  the  microstructural  homogeneity  induced  by 
annealing  provides  less  diffusion  channels  for  hydrogen 
and  increases  the  diffusion  energy  barrier  [11]. 

We  further  examined  the  pressure-concentration 
isotherms  in  the  gas-phase  condition  as  shown  in  Fig.  6. 
The  maximum  hydrogen-desorbing  capacities  of  both  al¬ 
loys  are  almost  the  same,  which  is  consistent  with  our 
hypothesis  deduced  from  Fig.  3.  Flowever,  the  as-cast  alloy 
exhibits  very  small  hysteresis  and  slightly  higher  pressure 
plateau,  while  the  plateau  of  the  annealed  alloy  shows 
more  plain,  as  we  can  anticipate  from  its  equilibrium 
electrode  potentials.  Therefore,  we  believe  that  the  de¬ 
crease  in  the  dischargeability  of  the  annealed  alloy  might 
result  partly  from  the  low  flat  pressure  plateau  and  large 
hysteresis  instead  of  the  hydrogen  storage  capacity.  In 
another  word,  the  phase  and  structure  disorder  will  benefit 
electrochemical  discharge  property  of  AB2  multiphase  al¬ 
loys,  especially  the  kinetics. 

The  equilibrium  potentials  of  the  as-cast  and  annealed 
alloy  electrodes  in  full  charge  state  are  measured  to  be 
—  0.947  and  —0.937  V  vs.  Hg/HgO  at  298  K,  respec¬ 
tively.  According  to  the  Nernst  equation,  a  more  negative 
potential  refers  to  a  higher  hydrogen  equilibrium  pressure 
of  the  hydride.  The  Tafel  plots  of  the  as-cast  and  annealed 
alloy  electrodes  Zr0  5Ti0  5Mn0  5V0  3Co0  2Nix  A  during 
charging  are  shown  in  Fig.  7.  The  cathodic  overvoltage  is 
a  little  higher  for  the  annealed  electrode  than  that  for  the 
as-cast.  It  implies  that  the  annealing  treatment  reduces  the 
charging  efficiency  as  well  as  the  discharge  efficiency.  The 
similar  Tafel  slopes  indicate  that  the  mechanism  for  hydro¬ 
gen  evolution  is  the  same  for  both  electrodes.  The  total 
exchange  current  density  i0  is  found  to  be  ca.  204  mA  g-1 
for  the  as-cast  and  157  mA  g_1  for  the  annealed  by 
extrapolating  the  Tafel  line  to  the  intercept  at  77  =  0.  Thus 
the  i0  consists  of  two  parts:  i0  for  the  Volmer  reaction 
(H20  +  e“  — >  H(a)  +  OH-)  and  for  the  Tafel  reaction 
(H(a)  +  H(a)  — >  H2).Therefore,  the  larger  i0  for  the  as-cast 


Fig.  6.  The  pressure-concentration  isotherms  ( P-C-T )  at  333  K  of  the 
as-cast  and  annealed  alloys  Zr0 5Ti0 5Mn0 5V0 3Co0 2Nij  ,. 
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Fig.  7.  Cathodic  polarization  curves  of  the  as-cast  and  the  annealed  alloy 
electrodes. 


electrode  indicates  that  the  Volmer  reaction  is  accelerated, 
showing  better  catalytic  characteristics. 

4.  Conclusion 

The  annealing  treatment  (1273  K  for  8  h)  improves  the 
cyclic  stability  but  shows  a  negative  effect  on  the  dis¬ 
charge  capacity,  activation  and  the  high-rate  dischargeabil¬ 
ity  of  Zra5Ti0-5Mn0-5V0-3Co0-2NiL1  alloy  electrode.  A 
larger  polarization  and  poorer  kinetics  were  found  in  the 
annealed  alloy  because  of  the  phase  composition  and 
structural  homogeneity.  During  discharge  process  at  a 
large  current  density,  the  hydrogen  diffusion  is  regarded  as 
the  rate-determining  step.  The  hydrogen  diffusion  coeffi¬ 
cient  in  the  as-cast  alloy  electrode  was  calculated  to  be 
4.3  X  10“ 12  cm2  s-1,  which  is  larger  by  three  times  than 
1.4X10“ 12  cm2  s_1  in  the  annealed  alloy.  The  small 
coefficient  D  is  believed  to  be  a  result  out  of  the  homoge¬ 
nization  incurred  by  annealing  treatment. 
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